Abstract: Preservationo fp rotein conformation upon transferi nto the gas phase is keyf or structured etermination of free single molecules, for example using X-ray freeelectronl asers. In the gas phase, the helicityo fm elittin decreases strongly as the protein's protonation state increases. We demonstrate the sensitivity of soft X-ray spectroscopy to the gas-phase structure of melittin cations ([melittin + qH] q + , q = 2-4) in ac ryogenic linear radiofrequencyi on trap. With increasing helicity,w eo bserve ad ecrease of the dominating carbon 1s-p*t ransition in the amide C=Ob onds for non-dissociatives inglei onization and an increasef or non-dissociative double ionization. As the underlying mechanism we identify inelastic electron scattering. Using an independenta tom model,w es how that the more compact nature of the helical protein conformation substantiallyi ncreases the probability for offsite intramolecular ionization by inelastic Auger electron scattering.
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In biological systems conformational changes in proteins take place in the liquid phase, which is where the established experimental techniques for protein folding studies are employed. Many of the most powerful approaches for molecular structure determination, however, areg as-phase techniques. Currently,t he potential of these approaches to investigate protein structures is exploredv igorously.Aprime incentive is the experimental observation of protein dynamics with atomic resolution, ag oalp ursued by X-ray diffraction on nanocrystals or single proteins at X-ray free electronl asers. [1] Conservation of protein conformation upon transfer from solution to the gas phasei sak ey issue, and the field of native mass spectrometry is to alarge extentbased on this concept. [2, 3] In two pioneering experiments,i tw as recently shown that the combination of electrospray ionization (ESI) tandem mass spectrometry with synchrotron radiation in the soft X-ray regimec an be used to study near edge X-ray absorption of gas-phase protonated proteins and peptides. [4, 5] The method has then been employed to investigate protein conformation in the gas phase. For instance, whereas ubiquitin in its native (solution phase) protonation state keeps its compactc onformationu pon transfer into the gas phase, [6] much higher protonation induces unfolding due to Coulomb repulsion of the positivelyc harged sites. This effect is manifest in X-ray spectra as ac haracteristic correlationo fi nner-shell ionization energyw ith protonation state. [7] Here, we show the potential of inner-shell photoionization to reveal information on protein secondary structure. The secondary structure of melittin (2.8 kDa, 26 amino acid residues) in aqueous solution is dominatedb ya-helices. Helicity is preservedu pon transfer into the gas phase for doubly protonated melittin while higherp rotonation strongly reduces gas-phase helicity. [8, 9] For the native structure, see Figure1. We brought protonated melittin cations into the gas phase by meanso fe lectrospray ionization.M ass-selected [melittin + qH] q + ions (q = 2-4) were then storedi nacryogenic (T % 10 K)
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linear radiofrequency ion trap, [10] [11] [12] af ixed endstation at the high-resolution and variable-polarization soft X-ray beamline UE52-PGM at the BESSY II synchrotron radiation facility.D ue to low target density,p hotoabsorption cross-sections cannot be measured directly but require an action-spectroscopy approach.T he photon energy is scanned stepwise over the carbon Kedge (282-300 eV) and at each photone nergy,t he trap content is exposed to the monochromatic (DE = 250 meV) soft X-rays and the photoproducts (intact proteins and fragments)a re extracted into at ime-of-flight mass spectrometer for mass analysis.P artial ion yields for non-dissociative single and doublei onization of [melittin
(q + n) + (n = 1,2) are determinedf rom the photoionization mass spectra.T he combinationo fl arge trap volume and high resolution allowsf or the acquisition of photoionization spectra of excellent resolutiona nd detail. Of particular relevance is the cryogenic temperature of the trapped ions. Here, the buffer gas cooling process involves al arge number of collisions with He atoms and accordingly has at imescale up to the ms range. At the end of the cooling process, not only the transient conformations are frozen out. It is also very likely that the number of fundamental conformers is reduced in this process. This is different from for example supersonic jet cooling, where the freezing is very fast and typically the conformational space is much more conserved.
In the photoexcitation regime for photon energies below the carbon 1s ionization energy,p hotoabsorption induces the resonant transition of a1 se lectron into an unoccupied valence orbital( for as ketch see left panel of Figure 1 ). For photon energies exceeding the 1s ionization energy,d irect photoionization into the continuumi st he dominating process (for as ketch,s ee left panel of Figure 2 ). We will first focus on the photoexcitation regime. The accessible unoccupied orbitals are energetically different, and are localized at different sites within the protonated protein. Photoexcitation leaves the system in ac ore-excited state that subsequently undergoes resonant Auger decay where the 1s vacancy is filled by av alence electron, accompanied by the simultaneouse mission of an Auger electron from the same site. The charges tate of a [melittin + qH] q + precursori ncreases by one. With much lower probability,t wo or more Auger electrons can be emitted. [13] For the carbon K-shell, single Augere lectron emission is generally by far the dominant process. [14] Here we put forward a second mechanism leadingt od ouble ionization, which we will refer to as intramolecular ionization by off-site inelastic electron scattering (IES). In large molecules, such as proteins, emitted Auger electrons are likely to cause electron impacti onization at another site in the molecule, leadingt oe mission of a secondary electron. Being non-local and depending on the probability of scattering at valence-electron density along the path of the primary Auger electron, the process can be sensitive to protein conformation,i nc ontrast to the aforementioned double ionizations, which are of localized origin.
Depending on the protein size, soft X-ray photoionization can lead to small fragments (often immonium ions), sequence ions, as well as intact ionizedp roteins or ionized proteins that have lost neutral groups. [15] For melittin at room temperature, these channels are knownt ocoexist. [16] At T % 10 K, in contrast, our data show that non-dissociatives ingle and double ionization become the strongest channels. Figure 1d isplays the experimental data for non-dissociative single ionization (NDSI) of [melittin + qH] q + (q = 2-4). The dominant feature labeled B is centereda t2 88.34 eV with aF WHM of 0.63 eV for q = 4. This peak can be assigned to carbon 1s-p*t ransitions in the C=Od ouble bonds of the amide groups (see Figure 1 ) and is commonly observed for gas-phase amino acids at similare nergy and peak-width. [17, 18] For gas-phase and condensed-phase proteins at room temperature, slightly wider resonances have been observed. [4, 5, 7, 19] The peak labeled A is composed of at least three different carbon 1s-p*t ransitions, all involving carbon atoms from the bicyclic indole group of the tryptophan (W) sidechain. Twoa dditional features at 287.5 and 289.7 eV are assigned to carbon 1s-s*t ransitions, for instance in the CH groups of aliphatic amino acid sidechains (287.5 eV) and in CÀCb onds (289.7 eV). The latter peak has only been observed previously for gas-phasea mino acids. [18] The unresolved broad structure centered at 291.9 eV is due to varioust ransitions to s*a nd Rydberg orbitals.N ote, that all three spectra are normalized to the maximum of the broad feature near 291.5 eV.M ilosavljevic and co-workers normalized similar data for ubiquitin cations to the total peak area, [7] which makes sense for al arge protein where fragmentation is weak. For melittin,f ragmentation is ar elevant channel which is different in magnitude for the different protonation states under study,a nd normalization to total peak area is not an option. An alternative normalization that we tried waso nt he intensity of resonance A. Unfortunately,t he initial photoabsorptions ite can influence the balance between fragmentation and non-dissociativep rocesses, in particular for aromatic sidechains [5] (such as W). Before discussing Figure 1i nm ore detail,w ef irst turn to the direct photoionization regime with photon energies above the 1s ionization threshold (for as ketch,s ee Figure 2 , left panel). 1s Photoionization increases the charges tate of [melittin + qH] q + from q to q + 1. The resulting 1s core vacancy is subject to an Augerd ecay process with emission of as ingle Auger electron dominating, increasing the charge state furtherf rom q + 1 to q + 2.
The right panel of Figure 2d isplays the experimental data for non-dissociative double ionization (NDDI) of [melittin + qH] q + (q = 2-4). The main feature in all three spectra is as harp increasei ni ntensity,o nce the photon energy overcomes the carbon 1s ionization energy.B elow this threshold, there is evidence for the resonant carbon 1s-p * excitation (labeled B) in the C=Ob onds of the amide group. Peak B reflects Auger decays accompanied by emission of two electrons and/or by intramolecular ionization by off-site IES. All spectraa re normalized to the maximum of the doublei onizationc ontinuum.
Both sets of spectra in Figure 1a nd Figure 2s how ac lear protonation state dependence. First, we focus on photon energies exceeding % 290 eV.F or non-dissociative single ionization it is obvioust hat with increasing q the broad structurea th igh photon energies develops at ail on the high energy side (see Figure 1 ). With increasing protonation q,t he threshold for direct photoionization increases and higher lying s-states become bound states. The respective increase in carbon 1s ionization energy with qi se vident in the NDDI datas hown in Figure 2 . The carbon 1s ionizatione nergy,d etermined from the spectra as the onset of the ionization edge( indicated with ad ashed line and labeled with the respective energy value) increasesf rom 291. 4 [7] also observed an increase of carbon 1s ionizatione nergy with protonation state, except for as mall range of protonation states associatedwith conformational change, where ionization energies remained constant. Similarr esults had been observed by the same group previously,f or VUV photoabsorption. [20] The authors rationalized their observations by ar eduction in Coulomb repulsion of the protonated sites upon structuralr elaxation. The experimentalf inding is structurally unspecific in the sense that, forl ow protonation, ubiquitin has ac omplex conformation with as econdary structure including a-helices and b-sheets, and as uperimposed tertiarys tructure and the authors boil the effect down to ad ependence of the ionization energy on the inverse effective radius of the molecule. In contrast, the conformation of gas-phase [melittin + 2H] 2 + is dominated by a-helices, and helicity is already partly reduced in [melittin + 3H] 3 + .From the observedi ncrease in carbon 1s ionization energies (see Figure 2) , it is however clear that melittin's structuralr elaxation with increasing q,t hat is,t he loss of a-helicity,d oes not compensatef or the increase in charge state.
As econd andv ery important finding for NDSI is an increase of the relative strengtho ft he carbon-carbon 1s-p* CO resonance (peak B) with protonation state with respectt oa ll other spectralf eatures, from 1.97 AE 0.05 (q = 2) over 2.61 AE 0.05 (q = 3) to 2.8 AE 0.05 (q = 4). Interestingly,i nF igure 2t he opposite trend is observed for NDDI:H ere, the relative intensity of the carbon 1s-p* CO resonance decreases as af unctiono fp rotonation state, from 0.56 AE 0.05 (q = 2) via 0.51 AE 0.05 (q = 3) to 0.41 AE 0.05 (q = 4).
To understand the origin of this opposite trend, it is important to recall the different stages of the underlying sequence of atomicp rocess and how thesew ould be influenced by initial conformation: ii)A uger-decay,l eading to the emission of one or more energetic Auger electron, iii)E scape of the Auger electron from the protein.
For i) the dependenceo nt he initial 1s-p*p hotoexcitation on protein secondary structure could explain the relative decrease of the carbon 1s-p* CO resonance in the NDSI spectra (Figure 1 ) but hardly the simultaneous increase of the same resonance in the NDDI spectra Figure 2) . a-helical structure in proteins is stabilized by hydrogen bonds between an amide C=Og roup and an amide NÀHg roup, four residues later in the sequence. The loss of helical structure implies loss of the hydrogen bonds and thus an altered electronic structure of molecular orbitals in the groups involved.S uch an effect potentially influences oscillator strengths.
To quantify the effect of hydrogen bonding on carbon 1s-p*t ransition probabilitiesf or an a-helicals tructure, we performed time-dependent density functional theory calculations on am odel peptide. The detailso ft he calculations are given in Supplementary materials. Briefly,ap eptidec onsisting of 8glycine residues was optimized for as traight structure,a nahelical structure and a b-hairpin. It is expected that gas-phase [melittin + 2H] 2 + contains even longerh elical sections, comparable to the solution structure. [8] The oscillator strengths f OS for the carbon 1s-p*t ransitions in the different carbonyl groups were then calculated. The absolute energies exhibit the commonly observed offset, but it is clear that for a-helix and bhairpin, transition energies are systematically lower (up to % 0.3 eV) as compared to the linear chain reference. This follows the trend observed experimentally,w here as mall shift ( % 0.15 eV) is observed. The transition probabilities for all residues are smaller fort he helix (with am inimum f OS = 0.0479 for residue 6) than for the linear chain (f OS = 0.0607 for residue 6). The average decrease is 13 %f or the helix and still 4% for the b-sheet. The experiment however averages over an entiree nsemble of low-energy melittin conformations many of which are only partly helical, [8] that is, the 13 %r eduction is an upper limit. Most importantly,t he reduction of the resonancew ould be expectedn ot only for NDSI but also for NDDI, for which exactly the opposite trend is observed.
Concerning (ii), the Auger decay process filling the 1s vacancy could in principle be influencedb yt he same weak dependence of the electronic structure on helicity,a sd iscussed in (i). However,e ach single Auger decay event involves two valence orbitals. Experimentally,asuperposition of all possible combinations is contributingt oaspectrum, that is, possible weak electronic structure effects are likely to be washed out.
Finally (iii), the escape of an emitted Auger electron from the protonated protein is expectedt ob ev ery sensitivet ot he protein conformation, because the probability for off-site IES increases with the number of atoms passed on the electrons way out. In valence photoionization experiments on neutral noble gas clusters, inelastic photoelectron scattering has been observede arlier and its contribution was found to increase with cluster size. [21] However,t he effect has never been used to investigate spatial conformationso fm olecular systems. As obvious from the top panels in Figure 3 , for melittin in both linear and helical conformation, the amino acid residuesa re stickingo ut from the backbone, meaning that electrons emitted from the residues will be less influenced by the helical structure, whereas electrons emitted from the backbonew ill experience dramatic changes along their path.
For quantification we developed aM onte Carlo model that is conceptually based on the independent atomm odel (IAM), often employed in electron scatteringf rom molecular systems. [22, 23] The IAM is based on the fact that for sufficiently high electron kinetic energies, elastic and inelastic electron scattering cross-sections can be approximated using the single-atom cross-sectionso ft he molecular constituents.T he Augere lectron spectrum for gas-phase glycineh as been measured very recently and is dominated by ab road,s tructured band between 225 and 260 eV that is centered at about 250 eV [24] and we assume this to be ag ood approximation for carbon 1s Auger electrons from ap rotein as well. For electron energies exceeding 200 eV,d eviations of IAM inelastic scattering cross-sections from experimental data for molecules such as CO 2 are typically smaller than 10 %. [22] As imilara ccuracy can be expected for al arge molecule such as melittin. We have therefore used the data for electron impact cross-sectionsf or the H, C, Na nd Oc onstituents at 250 eV. [25, 26] For each melittin residue, 10 5 electrons are launched into random directions, startingf rom the respective carboxyl carbon atom in the residues' amide group. For each trajectory it is determined whether it leads to electron impact ionizationo fa nother melittin Figure 3 . Probabilities for ionizationbyoff-site IES at the carbon 1s-p* CO resonance,obtained from aM onte Carlo simulation. To pp anels:m elittin linear [27] and helical [28] model geometries. Bottom panels:Simulationr esults as 2D arrays; x-axis:Auger-emitting residue( one-letterc ode); y-axis:numeric positiono ft he ionizedatom(start of anew residue indicated by one-letter code). Probabilities between 10 À4 and 10 À1 are giveni nc olor codeo nalogarithmic scale.
constituent. The result for each initial carboxyl carbon site is an electron impacti onization probability for each atom in the system.W eh ave computed these data for two different melittin geometries. Al inear conformation wasc omputed using the Avogadro package. [27] As at ypicalh elical conformation,w e chose the melittin entry in the protein database. [28] In both cases, ionization probabilities maximize to about 7% for the neighboring Oa tom and for the C a atom and quicklyd ecrease with increasing distance from the Auger-emitting carbon atom. The results are shown in Figure 3 .
For the linear conformation, isotropic emission from any site leaves mostA uger electrons unobstructed, once they have passed the directly neighboring atoms. Emission alongt he chain is statistically irrelevanta nd an arrow distribution of ionized atoms is observed, typically involving mostly atoms from the emitterr esidue and its directn eighbors. Thea verage total probability for ionization by off-site IES is P ionization (linear) = 0.33.
For the helix case, the molecule is far more compact. Here, Auger electronsa re very likely to interact with atoms from residues furtheru po rd own the sequence, in addition to atoms from the emitter residue and direct neighbors. Am uch wider distribution of ionized sites is observed. The average total probability for ionization by off-site IES is P ionization (helix) = 0.45.
According to these calculations, emission of as ingle Auger electronu pon resonant carbon 1s-p* CO excitation has aconformation dependent probability for ionization via off-site IES, leadingtor emoval of as econd electron. For NDSI we are interested in the fractiono fA uger emission events that do not lead to furtheri onization. (1ÀP ionization (linear))/(1ÀP ionization (helix)) = 1.22 is the relevant quantity which compares qualitatively well with the decrease of the carbon 1s-p* CO resonance Figure 1 (2.8/1.97 = 1.42). The experimentally determined ratio depends on the normalization, which makes ap recise quantitative comparisond ifficult. For NDDI, the ionization events are relevant. P ionization (linear)/P ionization (helix) = 0.73 is the relevant quantity, which needs to be compared to the increase of the carbon 1s-p* CO resonancei nF igure 2( 0.41/0.56 = 0.73). For NDDI, the normalization is more straightforward and the agreement between simulation and experiment is better.
Near edge X-ray absorptions pectroscopy is clearly sensitive to the melittin secondary structure via off-site inelastic electron scattering. The mechanism is similar to H/D exchange experiments,where the fraction of Hs ites that is exposed to the outside is determined-helix formation then lowers the signal. [9] Inelasticm ean free paths of 1.2-1.5 nm have been determined theoretically for 300-500 eV electrons in am odel protein. [29] This path lengthi sc omparable to the diameter of an a-helix (1.2 nm), whichi st he characteristic length in our experiment. In future studies, we will therefore systematically investigate off-site IES in larger proteins with compact tertiarys tructures. For these,o ff-site IES will likely induce multiple ionization when originating from Auger-emitting residues deep within the protein.
